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The rarity of ALDH™ cells is the key to separation of normal
versus leukemia stem cells by ALDH activity in AML patients
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To understand the precise disease driving mechanisms in acute myeloid leukemia (AML), comparison of patient matched hema-
topoietic stem cells (HSC) and leukemia stem cells (LSC) is essential. In this analysis, we have examined the value of aldehyde
dehydrogenase (ALDH) activity in combination with CD34 expression for the separation of HSC from LSC in 104 patients with de
novo AML. The majority of AML patients (80 out of 104) had low percentages of cells with high ALDH activity (ALDH™ cells;
<1.9%; ALDH-rare AML), whereas 24 patients had relatively numerous ALDH™ cells (>1.9%; ALDH-numerous AML). In patients
with ALDH-rare AML, normal HSC could be separated by their CD34*ALDH* phenotype, whereas LSC were exclusively detected
among CD34*ALDH™ cells. For patients with ALDH-numerous AML, the CD34*ALDH™ subset consisted mainly of LSC and separa-
tion from HSC was not feasible. Functional analyses further showed that ALDH* cells from ALDH-numerous AML were quiescent,
refractory to ARA-C treatment and capable of leukemic engraftment in a xenogenic mouse transplantation model. Clinically,
resistance to chemotherapy and poor long-term outcome were also characteristic for patients with ALDH-numerous AML provid-
ing an additional risk-stratification tool. The difference in spectrum and relevance of ALDH activity in the putative LSC popula-
tions demonstrates, in addition to phenotypic and genetic, also functional heterogeneity of leukemic cells and suggests
divergent roles for ALDH activity in normal HSC versus LSC. By acknowledging these differences our study provides a new and
useful tool for prospective identification of AML cases in which separation of HSC from LSC is possible.
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Although the long-term outcome of patients with acute mye- lenge." Present evidence indicates that AML is a stem cell
loid leukemia (AML) has improved significantly in the past disease, derived from leukemia stem cells (LSC) that might
20 years, recurrence of disease has remained a major chal- originate from malignant transformation of normal

Key words: acute myeloid leukemia, leukemia stem cell, hematopoietic stem cell, aldehyde dehydrogenase, high risk factor

Abbreviations: ALDH: aldehyde dehydrogenase; AML: acute myeloid leukemia; BM: bone marrow; CFC: colony forming cell; ARA-C:
cytarabin; DEAB: diethylaminobenzaldehyde; FACS: fluorescence-activated cell sorting; FLT3: Fms-like tyrosine kinase 3; FLT3-ITD:
FLT3-internal tandem duplication; HPC: hematopoietic progenitor cell; HSC: hematopoietic stem cell; LSC: leukemia stem cell; LTC-IC:
long-term colony-initiating cell; MSC: mesenchymal stromal cells; MNC: mononuclear cells; NSG: non-obese diabetic/severe combined
immune deficiency/interleukin 2 receptor gamma™; PI: propidium iodide; TPO: thrombopoietin; SCF: stem cell factor; wt: wild type
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What’s new?

Aldehyde dehydrogenase in acute myeloid leukemia

To understand the precise disease-driving mechanisms in acute myeloid leukemia (AML), comparison of patient-matched
hematopoietic stem cells (HSC) and leukemia stem cells (LSC) is essential. This study demonstrates the relevance of aldehyde
dehydrogenase (ALDH) for the prospective identification of AML cases in which separation of functionally normal HSC from
LSC is possible. Increased activity of this biomarker also characterizes a subgroup of patients with adverse outcome, which
might be helpful in risk stratification prior to therapy. Overall, this study demonstrates functional heterogeneity of leukemia
cells and suggests divergent roles for ALDH activity in normal HSC versus leukemia-initiating cells.

hematopoietic stem cells (HSC), or alternatively, from pro-
genitors in which the acquired mutations have reinstalled a
dysregulated self-renewal program.” In analogy to normal
HSC, LSC have been reported to be quiescent, well protected
within the bone marrow niche, resistant to chemotherapy
and responsible for recurrent disease.”*

Evidence for the concept of LSC was first reported in
patients with AML by using xenogenic transplantation mod-
els. These studies showed that only a very small leukemia cell
population of CD34"CD38~ cells was able to initiate leuke-
mic growth.>® The observation that LSC might be enriched
within the CD34"CD38~ subset has, however, been chal-
lenged by more recent studies demonstrating that
CD347CD38" as well as CD34 ™ cells also harbor LSC candi-
dates.””” These results suggest that LSC in AML are probably
much more heterogeneous than previously anticipated.

Other studies have focused on biochemical markers such
as the expression of aldehyde dehydrogenase (ALDH) in leu-
kemia cells, which is a cytosolic enzyme involved in the
metabolism of retinoic acid and the detoxification of alkyl-
ating drugs such as cyclophosphamide. High ALDH activity
has been described as a putative stem cell marker in hemato-
poietic, neural and mammary tissues.'"'* In AML, results on
the tumorigenic potential of cells with high ALDH activity
are controversial but studies from others and our group have
confirmed that LSC might be enriched among the ALDH "
subsets.'™'® Increased expression of ALDH in primary sam-
ples from patients with AML has also been shown to be asso-
ciated with adverse clinical outcome.'>™"”

Since all the above mentioned markers for LSC identifi-
cation such as CD34"CD38” and ALDH activity are also
characteristic for normal HSC, attempts have been made
to identify marker combinations that are suitable to distin-
guish HSC and LSC from the same individual with AML.
For example, CD90 was reported to be exclusively
expressed in HSC whereas lacking in LSC.'® Other
markers, including CDI123, lineage specific aberrant
markers, CLL-1, CD96 and CD47 have been reported to
be upregulated in specific AML patients and might poten-
tially represent candidates for the selection and targeting
of LSC.””?° However, the value of these additional
markers for discerning the differences between normal
HSC and LSC has remained controversial.

Under consideration of the extreme heterogeneity of LSC
and the emergence of potential leukemia driving mutations

in HSC derived from normal human subjects, especially
upon aging, comparison between LSC and HSC derived from
the same individual suffering from leukemia is of utmost
importance for appropriate comparisons to identify the
molecular mechanisms leading to AML.***® Pearce et al.
showed that HSC could be isolated by high ALDH expression
in a small subgroup of 6 AML patients with overall low
ALDH expression.'® Another study suggested that leukemia
cells could be separated from residual HSC by using the
marker combination CD34"CD38” in combination with
ALDH activity.”® Other studies reported successful separation
of residual HSC from selected AML cases based on the
absence of TIM3 and/or CD99 surface expression within the
Lin " CD34"CD38~ fraction.”®* In the latter study, Jan et al.
have indicated that phenotypically and functionally normal
HSC derived from patients with AML already carry leukemia
specific mutations and therefore potentially represent
“preleukemic HSC” whose role in relapse initiation remains
to be determined.”® On the other hand, sequencing studies
indicated that leukemia driving mutations could be detected
in HSC derived from healthy subjects and that the number
of potential leukemia driving mutations in HSC might
increase with age.”” Therefore, the ultimate leukemia initiat-
ing and driving mechanisms can only be appropriately stud-
ied by comparing LSC with functionally normal HSC from
the same individual.

In our systematic study of 104 AML patients, we have
shown that due to the heterogeneity of LSC, individual
patients with AML need to be stratified to allow prospective
identification of cases in which separation of HSC from LSC
is possible. In addition, this classification identified ALDH-
numerous AML as a subgroup of patients with increased
therapy resistance and adverse clinical outcome.

Methods

Patient samples

Between December 2009 and September 2013 bone marrow
(BM) aspirates of 104 patients with de novo AML and 14
healthy donors were collected after written informed consent.
Sample collection and data analyses were approved by the
Ethics Committee of the Medical Faculty of the University of
Heidelberg. Patient characteristics are shown in Supporting
Information Table S1. Patients were categorized into high,
intermediate and low risk groups according to cytogenetic
criteria as reported by Grimwade et al.>!
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Preparation of primary cells

Mononuclear cells (MNC) were isolated using density gradi-
ent centrifugation with Biocoll separation solution (Bio-
chrom, Berlin, Germany) and used freshly or frozen in FCS/
12.5% DMSO for subsequent studies.

Mesenchymal stromal cells (MSC) were isolated from
MNC of healthy donors as described previously.*> The cells
were cultured in MSCGM™ Mesenchymal Stem Cell Growth
Medium (Lonza, Basel, Switzerland) at 37 °C and 5% CO,
and served as feeder layer in in vitro assays.

Flow cytometry and sorting of stem cell populations

MNC were labeled with Aldefluor reagent (Stem Cell Tech-
nologies, Vancouver, BC, Canada), CD2-PE, CD7-PE,
CD11b-PE, CD15-PE, CD19-PE, CD38-PE, CD56-PE, CD34-
APC, CD45-APC-H7 and propidium iodide (PI; BD Bio-
science, Heidelberg, Germany) as described previously.* Cells
were analyzed using a FACScan flow cytometry system (BD
Bioscience, Heidelberg, Germany) equipped with a Rainbow
laser (Cytek Flow Cytometry Products, CA), and sorted with
a FACSAria II sorter (BD Bioscience, Heidelberg, Germany).

In vitro colony assays

To evaluate the stem cell potential of AML subpopulations
we used the long-term culture-initiating cell (LTC-IC) assay
as described previously'® (for detailed information see sup-
plementary methods). Colony forming cell (CFC) assays were
performed using HSC-CFU complete with Epo (Miltenyi Bio-
tec, Bergisch Gladbach, Germany) following the man-
ufacturefs instructions.

NOD/SCID-IL2Ry™ " (NSG) mouse transplantation

Immune deficient NSG mice at the age of 8-12 weeks were
sublethally irradiated with 200 cGy, transplanted with AML
bulk or cell subpopulations via intra-bone injection within 24
hr after irradiation and analyzed after 4-5 months. Bones
were collected, cells isolated and labeled with monoclonal
antibody cocktails against human antigens including CD3-
FITC, CD19-PE, CD33-APC (BD Bioscience, Heidelberg,
Germany) and CD45-APC-eFluor® 780 (eBioscience, Frank-
furt, Germany). Human cells were enriched by depletion of
mouse cells using mouse CD45 and mouse Ter199 antibodies
conjugated with magnetic Microbeads and LD Columns
(Mitenyi Biotec, Bergisch Gladbach, Germany). Alternatively,
human CD45" cells were sorted using a FACSAria II sorter.
Mutations of enriched human cell fractions were analyzed by
interphase FISH or PCR. Animal experiments were per-
formed at the German Cancer Research Center (DKFZ) in
compliance with institutional and governmental guidelines.

Fluorescence in situ hybridization
For patients whose chromosomal aberrations were detected
by Fluorescence in situ hybridization (FISH) at the time of

diagnosis, MNC, FACS-sorted CD34"ALDH" and
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CD34"ALDH™ cell populations were expanded in Stemline
II medium (Sigma Aldrich, Munich, Germany; for detailed
information see supplementary methods). Cells were then
analyzed by interphase FISH following the manufacturers
instructions using probes for detection of the following chro-
mosomal aberrations: translocations t(8;21)(q22;q22) and
t(15;17)(q24;q21), inversion inv(16)(p13;q22), MLL(11q23)
rearrangement, trisomy 8, trisomy 13, deletion 17p13 and
monosomy X (Kreatech, Amsterdam, Netherlands; MetaSys-
tems, Altlussheim, Germany; and Abbott, Wiesbaden, Ger-
many). Interphase nuclei were validated using an automated
scanning system SC300-25A (Applied Spectral Imaging, Edin-
gen/Neckarhausen, Germany) and a DM RXA RF8 epifluo-
rescence microscope (Leica, Wetzlar, Germany; for detailed
information see Supporting Information methods). For most
samples, at least 100 nuclei were analyzed (see supplementary
Supporting Information Table S2). Hybridization efficiency
and threshold for positive signals were validated on PB and
BM cells of healthy donors according to the internal lab qual-
ity assessment protocols. According to the threefold standard
deviation thresholds were set to 4% for deletions, gains,
translocations and rearrangements.

PCR for analysis of FLT3-mutation

Total RNA was isolated with Trizol (Invitrogen, Darmstadt,
Germany) and reverse-transcribed with the High-Capacity
c¢DNA Reverse Transcription Kit (Applied Biosystems, Carls-
bad, CA) according to manufacturer’s instruction. FLT3-
internal tandem duplication (ITD) was detected by PCR with
the forward primer 5-GCAATTTAGGTATGAAAGCCAGC
TA-3' and reverse primer 5'-CCTGATCCTAGTACCTTC
CCA-3' using a DNA engine thermal cycler (Biorad, Munich,
Germany). Amplification products were analyzed on 2% aga-
rose gels and stained with ethidium bromide.

Cell cycle analysis

MNC were incubated with 10 pM EdU (Invitrogen, Darm-
stadt, Germany) for 1 hr at 37 °C, stained with Aldefluor,
CD3-PE, CD19-PE and CD45-APC-H7, and sorted by FACS
into ALDH" and ALDH™ blasts. CD3, CD19 and CD45 were
used in order to exclude lymphocytes from our sorted popula-
tions. Cell cycle was analyzed using the Click-iT® EdU Alexa
Fluor® 488 Cell Proliferation Assay Kit (Invitrogen, Darm-
stadt, Germany) according to manufacturer’s instruction.

Treatment of leukemia cells with ARA-C

Primary MNC derived from the BM of patients with ALDH-
numerous AML were sorted for ALDH', ALDH,
CD34"CD38 ALDH " and CD34"CD38 ALDH ™ blasts and
incubated with 1 pM of ARA-C in coculture with MSC for 5
days. Viability was subsequently assessed using Annexin V-
PE and PI (BD Bioscience, Heidelberg, Germany) according
to manufacturer’s instruction. Samples in which <20% of
cells survived in untreated conditions were excluded from the
analysis to avoid errors related to sample quality.
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Aldehyde dehydrogenase in acute myeloid leukemia
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Figure 1. ALDH expression patterns in normal and AML BM. ALDH activity of MNC was determined by flow cytometry using the aldefluor rea-
gent. Diethylaminobenzaldehyde (DEAB), an ALDH inhibitor, was used as a negative control for ALDH staining (first column). In absence of
DEAB, ALDH™ cells (R1), which are characterized by high ALDH activity and low SSC, could be detected and distinguished from the ALDH™
subset (R2; second column). CD34/CD38 expression of MNC and ALDH™ cells in the R1 gate are shown in the last two columns. R3 marks
the CD347CD38™ cell population in MNC. (a) ALDH expression in normal BM showed a small population of ALDH™ cells, which was
enriched for CD347CD38~ HSC and CD347CD38"* HPC. Two patterns of ALDH™ populations were observed in patients with AML: (b)
patients with ALDH-rare AML were characterized by low frequencies of ALDH™ cells (<1.9%), while (c) patients with ALDH-numerous AML by
high numbers (> 1.9%). (d) The diagram shows the distribution of ALDH™ cell frequencies in BM MNC of patients with ALDH-rare (median:
0.07%) and ALDH-numerous AML (median: 8.4%). (e) In both groups, ALDH" cell populations were highly enriched for CD34"CD38" cells in
comparison to MNC. Percentages of ALDH™ (R1) and CD347CD38 cells (R3) in MNC and the distribution of ALDH™ cells in the CD34/CD38

plots are depicted.

Statistical analysis

Data were analyzed using the two-side Student’s ¢ test unless
otherwise indicated. For the ARA-C treatment, the nonpara-
metric Mann-Whitney U test was employed due to a small
sample size. Kaplan-Meier-curves were used to visualize the
survival properties of AML patient subgroups with the SPSS
software. Statistical differences of the survival properties

between the subgroups were calculated using log-rank test.
Statistical significance was defined as p < 0.05.

Results

ALDH expression patterns in healthy and AML BM

ALDH™ cells (R1) were defined as a population with high
ALDH activity and low SSC compared to ALDH ™ cells (R2;

Int. ). Cancer: 137, 525-536 (2015) © 2014 UICC
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Figure 2. Mutation analysis of CD34"ALDH" and CD34"ALDH™ cells derived from patients with ALDH-rare and ALDH-numerous AML. (a)
FISH analysis indicated that CD34"ALDH™ cells from the BM of patients with ALDH-rare AML contained normal cells in contrast to MNC and
CD34"ALDH cells. (b) FLT3-ITD PCR for the ALDH-rare group showed that CD34ALDH" cells expressed FLT3-wild type, while MNC,
CD34"ALDH™, and CD347CD38™ cells (when analyzed) contained both wild type and FLT3-ITD mutation. (c) Chromosomal mutations and
(d) FLT3-ITD were observed at a high level in all analyzed cell populations derived from patients with ALDH-numerous AML. (e) In patients
with ALDH-numerous AML, coexpression of the aberrant marker CD7 was not able to separate leukemia versus HSC. Clonal markers were
found both in CD34"ALDH"CD7~ and CD34"ALDH"CD7™" subsets. M: marker, wt: wild type, mut: mutation. *The marker was cut from

another part of the gel and put on the appropriate position.

Fig. 1). The median frequency of ALDH" cells in BM MNC
of healthy subjects was 1.9% with a range from 0.6 to 3.2%
(n=14). This cell population contained a high frequency of
CD34"CD38" HSC and CD34"CD38" HPC [median and
range: 12.7% (2.3-27.3%) and 42.6% (24.0-60.1%), respec-
tively, n = 6] (Fig. 1a). The median value of ALDH™" cells in
normal BM was used as cut-off value for all following experi-
ments to classify AML patients into the categories ALDH-
rare AML (<1.9% of ALDH" cells) versus ALDH-numerous
AML (>1.9% ALDH" cells).

For patients with AML, the median number of ALDH™"
cells was 0.1% with a range from 0.0 to 33.6%. Whereas the
majority of patients with AML (80 out of 104 patients) had
low percentages of ALDH™ cells, that is, <1.9% of ALDH"
blasts in the bone marrow, 24 patients had relatively numer-
ous ALDH" cells. The median frequency of ALDH" cells
among patients with ALDH-rare AML was 0.07% (0.00 to

Int. J. Cancer: 137, 525-536 (2015) © 2014 UICC

1.77%; Figs. 1b and 1d). The 24 patients with ALDH-
numerous AML had a median of 8.4% ALDH" cells (2.3 to
33.6%; Figs. 1c and 1d). Thus there were two clusters of
AML according to ALDH activity. In both groups, ALDH"*
cell populations were highly enriched for CD34*CD38™ cells
in comparison to MNC (Figs. 1b, 1c and le) and showed
comparable levels of ALDH activity (Supporting Information
Fig. S1).

Normal HSC could be enriched in the ALDH" subset in
ALDH-rare AML

To detect the presence or absence of leukemia clones in our
stem cell candidates, we performed cytogenetic (FISH) and
molecular  genetic  (FLT3-ITD) studies on MNC,
CD34"ALDH' and CD34"ALDH ™ subsets derived from
nine patients with ALDH-rare AML and nine with ALDH-
numerous AML.
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In five out of nine patients with ALDH-rare AML, cytogenetic
evidence of AML could not be found in the CD34 " ALDH " cells
whereas MNC and CD34 " ALDH ~subsets were highly positive.
In another sample, deletion 17p13 was observed in 10% of
CD34"ALDH™ cells compared to 90% and 96% in MNC and the
CD34"ALDH ™ subset, respectively (Fig. 2a and Supporting
Information Table S2a). In the remaining three patients with
ALDH-rare AML, only FLT3-ITD but no cytogenetic aberrations
were found at diagnosis. FLT3-wild type was found among the
CD34"ALDH™ cells, whereas the FLT3-ITD mutation was
exclusively detected in the MNC and CD34"ALDH ™~ subsets
(Fig. 2b).
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In three patients with ALDH-numerous AML, we were
able to detect comparable numbers of the specific cytogenetic
aberrations in all subsets analyzed including MNC,
CD34"ALDH" and CD34"ALDH ™ (Fig. 2c and Supporting
Information Table S2). For another three patients with FLT3-
ITD positive ALDH-numerous AML, the mutation was also
detectable in all analyzed cell subsets using a PCR approach
(Fig. 2d). In three more ALDH-numerous AML with
aberrant coexpression of CD7, CD34"ALDH™ cells were
further subdivided into CD7" and CD77, that is,
CD34"ALDH'CD7" and CD34"ALDH'CD7 " subsets, fol-
lowed by clonal marker analysis, that was positive for both
subpopulations (Fig. 2e).

In summary, we showed that cytogenetically and molecu-
larly normal HSC could be isolated using the CD34"ALDH*
phenotype in patients with ALDH-rare AML, but not in
those with ALDH-numerous AML.

Colony assays confirmed HSC potentials of ALDH™ cells

To verify the hypothesis that in BM of patients with ALDH-
rare AML, normal HSC are enriched within the
CD34"ALDH" subset, we have performed LTC-IC assays
using CD34"ALDH' and CD34"ALDH ™ cells from six
patients. In five additional patients, we have further separated
(a) CD34"ALDH™, (b) CD34 ALDH™, (c) CD34"CD38"
ALDH ™ and (d) all other ALDH ™ cells (rest of ALDH  cells).
LTC-IC were enriched in CD34"ALDH™ cells (one in 18
cells), followed by CD34 ALDH™ cells (one in 435 cells).
Within the ALDH ™ population, CD34"CD38  cells were
more enriched for LTC-IC (1 in 2,601 cells) than the rest
(1 in 13,214 cells; Fig. 3a). Furthermore, we performed FISH

Figure 3. Colony formation potential and engraftment potential of
cell subpopulations derived from patients with ALDH-rare and
ALDH-numerous AML. (a) LTC-IC frequencies of CD34 ALDH™ cells
was highest, followed by CD34 ALDH", CD34%CD38~ ALDH and
other ALDH" cells (rest of ALDH) derived from patients with ALDH-
rare AML. (b) LTC-IC frequencies of CD34ALDH™ cells derived from
patients with ALDH-numerous AML were much lower than their
counterparts derived from those with ALDH-rare AML, but signifi-
cantly higher than other populations including CD34"ALDH™ and
CD34 ALDH™ cells. (c) CD34"ALDH™ cells derived from patients
with ALDH-rare AML were capable of multilineage engraftment in
NSG mice (mouse tx CD34*"ALDH™), while CD34"CD38 ALDH  gave
rise only to CD33™ myeloid cells (mouse tx CD34"CD38 ALDH").
(d) FLT3-ITD detection revealed that engrafted cells from mice
transplanted with CD34 ALDH™ cells expressed FLT3-wild type. In
contrast, FLT3-ITD was positive in engrafted human cells of mice
transplanted with CD34"CD38 ALDH™ cells. () FISH analysis con-
firmed the nonleukemic nature of the CD34"ALDH™ progenies with
cells being trisomy 8-negative. (f and g) for patients with ALDH-
numerous AML, AML engraftment was always found upon trans-
plantation of CD34*ALDH" as well as CD34*ALDH™ subsets, dem-
onstrated by FACS and FISH analysis. Percentages of engrafted
human cells with the proportions of CD33%, CD19" and CD3™ cells
are depicted in the FACS plots; mutated cells are marked with
arrows in the FISH images. M: marker, wt: wild type, mut:
mutation.
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Figure 4. Bulk transplantation results and survival analysis. (a) Bulk MNC of AML patients were transplanted into NSG mice and analyzed
for leukemia and normal engraftment. Cells derived from ALDH-numerous AML samples were more likely to induce leukemia in xenografts
compared to ALDH-rare AML. (b) Survival analysis revealed significantly shorter DFS and OS for patients with ALDH-numerous AML com-
pared to those with ALDH-rare AML. (c and d) risk stratification according to the ALDH status in the cytogenetic (c) and molecular intermedi-
ate risk group (d) identifies ALDH-numerous AML as a poor prognosis group within these subsets. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

analysis of LTC-IC colonies derived from single
CD34"ALDH™ or ALDH™" cells (in one case since the sam-
ple was negative for CD34) and confirmed the absence of
primary leukemic aberrations in all colonies tested (Support-
ing Information Table S3a). In line with this observation,
CD34"ALDH" cells derived from patients with ALDH-rare
AML were able to give rise to all colony subtypes in CFC-
assays confirming their potential of multilineage differentia-
tion (Supporting Information Fig. S2). Hence, our data have
shown that leukemia progenitors were not detectable in the
CD34"ALDH" subset.

In analogy, we have performed LTC-IC assays using (a)
CD34"ALDH", (b) CD34"ALDH ", and (c) CD34 ALDH"
cells derived from five patients with ALDH-numerous AML.
CD34"ALDH™ cells showed the highest LTC-IC (one in 557
cells) activity compared to the other subsets (CD34"ALDH™:
one in 4,612 cells, CD34  ALDH™: one in 2,250 cells; Fig.
3b). As the frequencies of these LTC-IC were much rarer
compared to the corresponding subsets derived from ALDH-
rare AML, these LTC-IC were probably derived from residual
normal HSC. Clonal marker analysis also revealed that
all colonies were non-leukemic demonstrating that
CD34"ALDH" cells in ALDH-numerous AML represent a
mixture of predominantly leukemic cells and extremely few
normal HSC that are phenotypically inseparable (Supporting
Information in Table S3 and Fig. S3).

Engraftment and leukemogenesis potential of ALDH* cells
in NSG mice
We studied the engraftment potential of different subpopula-
tions in NSG-mice wusing (a) CD34"ALDH"Y, (b)
CD34 ALDH", (c) CD34"CD38 ALDH  and (d) rest of
ALDH ™ cells derived from two patients with ALDH-rare AML.
In additional three patients, CD34"CD38 ALDH" and
CD34"CD38 ALDH™~ were sorted and transplanted in
NSG-mice  (Table 1a). Both CD34"ALDH" and
CD34"CD38 ALDH" cells showed multilineage engraftment
(CD19" and CD33™) on transplantation (Table la and Fig. 3c)
with FISH and FLT3-ITD PCR confirming the nonleukemic
nature of the engrafted human cells (Figs. 3d and 3e). In contrast,
the CD34"CD38 ALDH ™ subset initiated human CD33"
engraftment in one of five patients with a larger cell dose
required (Table 1a and Fig. 3c). The leukemic nature of these
cells was confirmed by detection of the FLT3-ITD mutation
(Fig. 3d). The remaining cellular subsets did not engraft, despite
transplantation of up to one million cells per animal (Table 1a).
In analogy, we studied the engraftment potentials of
CD34"ALDH" and CD34"ALDH cells derived from five
individual patients with ALDH-numerous AML (Table 1b).
In two of five samples, leukemia engraftment was observed
after transplantation of CD34"ALDH" and CD34"ALDH
cells with the latter showing inferior engraftment potential.
In one case. AML engraftment was only seen after
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Figure 5. Chemoresistance of ALDH™ and ALDH™ blasts derived from patients with ALDH-numerous AML. (a) Follow-up studies of BM ALDH™
cells derived from 4 patients with ALDH-numerous AML showed that ALDH™ cells were reduced after the first induction chemotherapy (first
time point) and expanded again, parallel to the increase in leukemia blasts (second time point). ALDH activity increased over time within
the LSC enriched CD347CD38™ cell population. (b) CD34*CD38 ALDH™ cells were more resistant to chemotherapy compared to
CD34"CD38 ALDH™ cells in all three patients in whom BM aspirates at diagnosis and after first induction chemotherapy were available. (c)
In vitro treatment with ARA-C showed that ALDH™ cells were significantly more resistant than ALDH™ cells (p < 0.043). (d) High ALDH activity
of the LSC-enriched CD34"CD38~ population was also associated with increased resistance to ARA-C in vitro (p < 0.027). (e) Cell cycle
analysis showed that ALDH™ cells were more quiescent than ALDH cells (p < 0.02).

transplantation of CD34"ALDH' cells (Table 1b and
Fig. 3f). Cytogenetic analyses were performed wherever possi-
ble and confirmed the leukemic nature of the engrafted
human cells (Fig. 3g). Two samples failed to engraft.

Thus, we have provided unequivocal evidence that func-
tionally normal HSC «can be found within the
CD34"ALDH" subset of patients with ALDH-rare AML,
whereas LSC reside within the ALDH™ subset. In contrast,
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in patients with ALDH-numerous AML, functional LSC are
detectable in both compartments and HSC cannot be
separated.

ALDH-numerous AML samples showed higher rate of AML
engraftment

To investigate if ALDH-numerous cases represent an AML
subgroup with increased engraftment potential we performed
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AML bulk transplantations of 38 unselected diagnostic cases.
Of these cases 11 had an ALDH-numerous and 27 an
ALDH-rare phenotype. 1-2 X 10° unfractionated cells were
transplanted in NSG mice and analyzed 12-16 weeks after
transplantation. In this analysis ALDH-numerous, AML
showed increased AML engraftment ability with 36.4% posi-
tive cases, whereas only 18.5% of ALDH-rare cases resulted
in AML engraftment. Consistent with these data ALDH-rare
AML samples mostly lead to normal engraftment (Fig. 4a,
Supporting Information Table S4).

The higher rate of leukemia engraftment suggests a larger
pool of LSC in cases with an ALDH-numerous phenotype.
The latter has been shown to be associated with poor sur-
vival>* Thus, our data confirm that the ALDH-numerous
phenotype identifies more aggressive AML cases which might
be helpful to further increase the accuracy of risk stratifica-
tion for subsequent treatment.

Clinical outcome of patients with ALDH-numerous AML

To investigate the prognostic value of our stratification we
have analyzed in parallel to our functional studies the out-
come of patients with ALDH-rare versus ALDH-numerous
AML. This analysis showed significantly shorter disease-free
survival (DFS) as well as overall survival (OS) for the 24
patients with ALDH-numerous AML compared to the 80
patients with ALDH-rare AML (p < 2.7E-4 for DFS, p < 0.01
for OS; Fig. 4b).

Among patients with ALDH-numerous AML, only 25%
belonged to the cytogenetic high-risk group with all other cases
being intermediate risk (Supporting Information Table S1).
Reanalyzing the survival of all 69 cytogenetic intermediate-risk
patients according to our ALDH stratification showed signifi-
cantly worse DFS (p < 8.8E-5) and OS (p < 0.002) for patients
with ALDH-numerous disease (Fig. 4c).

Next, we also stratified AML patients according to their
genetic markers distinguishing favorable risk (FLT3-ITD-neg-
ative/NPM1-mutated), poor risk (FLT3-ITD-positive/NPM1-
wild type) and intermediate risk (all other patients). This strat-
ification again assigned the majority of ALDH-numerous cases
(18 of 24) to the intermediate risk-group with survival analysis
showing adverse outcomes for these patients (DFS: p < 0.002
and OS p < 0.032; Fig. 4d). Supporting this data, an ALDH-
rare phenotype was highly predictive for better outcome
within all analyzed patients independent from their FLT3-ITD
and NPMI status (Supporting Information Fig. S4).

ALDH" cells from ALDH-numerous AML were more ARA-C
resistant and quiescent than ALDH™ cells

As patients with ALDH-numerous AML had a significantly
worse outcome we hypothesized that ALDH™ cells might be
enriched in AML samples collected after chemotherapy. In
four of these patients matched diagnostic (ED) and follow-up
samples after first induction therapy (first) with persistent
blasts were available (Fig. 5a). The ALDH™ cell population
was reduced but still detectable after the first induction

Aldehyde dehydrogenase in acute myeloid leukemia

chemotherapy. In both patients tested, we detected increased
numbers of ALDH" cells that correlated to an expansion of
leukemia blasts in the subsequent BM aspirations (second).
Despite reduction of ALDH™ cells in the bone marrow upon
first induction treatment, ALDH expression persisted and
increased within the LSC-enriched CD34"CD38  subset.
Overall, CD34"CD38 ALDH ™ cells were more effectively
eliminated by induction chemotherapy compared to
CD34"CD38 ALDH" cells suggesting that high ALDH
activity correlates to increased chemoresistance in vivo
(Fig. 5b).

We further tested the role of ALDH™ cells in chemoresist-
ance by treating leukemic ALDH' and ALDH subsets
derived from five ALDH-numerous AML samples with ARA-
C (1 uM) for 5 days and found that ARA-C had a more pro-
found effect on ALDH™ than on ALDH' cells (U test,
p < 0.043; Fig. 5¢).

To compare the chemoresistance of LSC populations in
ALDH-numerous AML samples, we treated CD34"CD38"
ALDH™" and CD34"CD38 ALDH ~ cells with 1 pM ARA-C.
As expected CD34"CD38 ALDH" cells showed better sur-
vival than CD34"CD38 ALDH ™ cells in the presence of
ARA-C in six samples analyzed (U test, p < 0.027; Fig. 5d).
Thus, high ALDH activity was also associated with increased
chemoresistance in vitro.

Furthermore, cell cycle analysis of ALDH" and ALDH™
cells of four patients with ALDH-numerous AML using EdU
and 7-AAD showed that the ALDH' population had less
actively cycling cells compared to the ALDH ™ counterparts
(p < 0.02; Fig. 5e). Increased quiescence of ALDH™ cells from
ALDH-numerous AML might, therefore, explain their relative
chemoresistance.

Discussion
The significance of LSC for development, evolution and
recurrence of AML has been recognized in numerous studies.
A few more recent studies have demonstrated the enormous
heterogeneity of LSC, both in patients with ALL as well as
with AML.'** Whole genome sequencing studies have
also indicated that leukemic clones are heterogeneous at the
time of diagnosis.”” In addition, other authors reported that
some of the potential leukemia driving mutations could be
detected in functionally and phenotypically normal HSC
derived from patients with AML or even from normal sub-
jects.?®?® These cells have been suggested to represent a
potential reservoir of “pre-leukemic” cells that could survive
chemotherapy regimens but subsequently transform and
become the source of recurrent disease.”**® For a proper
understanding of the transition from functionally normal
hematopoiesis to overt leukemia, appropriate comparative
studies of normal HSC and matched LSC are, therefore,
essential.

Recent analyses using primary leukemia cells from patients
with AML suggested that LSC could be separated from normal
HSC based on their differences in ALDH activity.'*’ In their
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study of 27 AML patients with focus on those with inversion 16
and translocation (8;21), Gerber et al reported that the
CD34"CD38 ALDH" subset resembled normal HSC and
lacked leukemia-specific cytogenetic abnormalities in most cases.
Functionally, these cells mostly gave rise to normal hematopoi-
etic engraftment in a xenogeneic transplantation model but in
some cases separation of HSC from leukemic cells was not feasi-
ble.** An earlier study of 19 AML cases showed that AMLs could
be classified in three subgroups based on their ALDH activity
(rare-, numerous- and negative-pattern) with the rare pattern
flagging a small subgroup of six patients in which HSC could be
separated by their high ALDH-expression."

In accordance with these reports, we have demonstrated
that, in patients with ALDH-rare AML (80 of 104 patients),
the CD34"ALDH" subset represents residual and function-
ally normal HSC with the ability to give rise to multilineage
engraftment upon transplantation into immune deficient
mice. Cytogenetic and molecular genetic studies have further
confirmed their nonleukemic nature before and after trans-
plantation. In contrast, LSC were unequivocally found within
the ALDH™ subset. Our study was not designed to address
the issue of preleukemic stem cells but recent data suggest
that CD34"ALDH" HSC might already harbor leukemia
driving mutations.”**® In line with these reports, HSC
selected by our method were functionally normal with the
ability to give rise to multilineage hematopoietic engraftment
in xenogeneic transplantation models in vivo. The separation
strategy presented in our study will, therefore, provide a valu-
able tool for future analysis of preleukemic-HSC in AML.

Albeit we have proven that CD34"ALDH' cells were
associated with features of normal HSC in 77% of our
patients, the CD34"ALDH" subset was unequivocally
enriched for LSC in a substantial proportion of our patients,
that is, in 24 patients (23%) with ALDH-numerous AML.
The CD34"ALDH" subset was characterized by the corre-
sponding cytogenetic or molecular genetic aberrations of the
original leukemia. Above all, these CD34"ALDH" cells were
able to induce leukemic engraftment in xenogeneic transplan-
tation models. For the group of patients with ALDH-
numerous AML, the leukemia initiating potential was not
restricted to the CD34"ALDH'  subset. Indeed,
CD34"ALDH ™ cells from ALDH-numerous AML were also
capable of leukemia engraftment, albeit at a much higher cell
dose. Similar to the surface markers CD34 and CD38, ALDH
activity alone was, therefore, not sufficient to separate or
enrich LSC in this group of patients. This is in line with pre-
vious reports that have shown that LSC potential can be
detected in different subsets of AML patients.”””

By comparing AML engraftment potential of 38 unfractio-
nated AML samples we have shown that ALDH-numerous
AML were twice as likely to give rise to leukemia in vivo com-
pared to ALDH-rare AML. In this context recent reports have
shown that increased engraftment potential is associated with
poor prognosis in AML.** We, therefore, correlated our data to
the outcome of all 104 patients and have shown that the
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ALDH-numerous pattern identifies a subgroup with overall
adverse clinical outcome, as suggested previously.'®'” Above all,
we show that our AML stratification strategy is especially help-
ful in identifying cases with poor prognosis in the intermediate-
risk subgroup. While Pearce and colleagues have shown that
engraftment potential might help to identify cases with poor
prognosis in the intermediate subgroup, our FACS approach
was able to reliably separate cases with good and poor progno-
sis tabling it as an additional risk stratification tool.

Furthermore, we have also shown that ALDH' cells
derived from patients with ALDH-rare versus ALDH-
numerous AML differ from each other in their biology with
normal origin in the former group and leukemic origin in
the latter. Because ALDH has been reported to be involved
in the detoxification of drug-related aldehydes as well as in
the metabolism of retinoic acid, which is known for its ability
to block cell cycle,***" its enhanced expression might provide
another explanation for the survival advantage of leukemic
cells against chemotherapy agents targeting cycling cells.
Indeed, our functional studies have demonstrated that the
ALDH" subset derived from patients with ALDH-numerous
AML were more quiescent and resistant to ARA-C treatment
in vitro compared to the ALDH ™ subset. Furthermore, we
have confirmed this ARA-C resistance of ALDH " cells com-
pared to ALDH  cells within the LSC-enriched
CD34"CD38 compartment of patients with ALDH-
numerous AML. In accordance with these results, follow-up
studies of the ALDH ™" subsets in the marrow of patients with
ALDH-numerous AML showed that ALDH™ cells, especially
the CD34"CD38 ALDH" subset, were able to survive induc-
tion chemotherapy with a relative enrichment at the time of
relapse. Albeit the leukemic nature of these ALDH" cells at
the follow-up time-points was not proven, the blast persist-
ence detected both by conventional cytology and flow cytom-
etry as well as the consistent results from our in vitro
analysis strongly suggest the malignant nature of these cells.

Based on the results of our systematic study of 104 AML
patients, screening for ALDH activity provides a reliable tool
for the prospective identification of ALDH-rare AML cases
suitable for the separation of HSC and LSC. However, for
ALDH-numerous AML, the CD34"ALDH" subset is
unequivocally enriched for LSC. Expression of ALDH in LSC
was associated with aggressive disease and adverse clinical
outcome. This difference in spectrum and relevance of
ALDH activity in the putative LSC population reflects their
enormous heterogeneity among AML patients. In conclusion,
our study has demonstrated, in addition to phenotypic and
genetic, also functional heterogeneity of leukemia cells and
suggests divergent roles for ALDH activity in normal HSC
versus leukemia initiating cells.
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